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ABSTRACT
NMOS processes require a variety of threshold
voltages for differing applications. For
this experiment, the threshold voltages of
NMOS devices were altered by a using several
different ion implant doses (none, 1, 2, 4,
and 8e12/cm2) of boron. This shifted the
threshold voltage in good agreement with
literature values [1].
INTRODUCTION
One of the most important applications of ion implantation
in MOS technology is the control of threshold voltages within the
devices. By implanting a specific quantity of B atoms in the
channels of an NMDS device will bring the threshold voltage to a
more positive value. This change is in proportion to the amount
of atoms implanted into the channel over the gate oxide
capacitance per unit area [1].
Ion implantations are used to control the threshold voltage
(Vt) of MDS devices, since they have the advantage of being able
to introduce a precisely controlled amount of dopant material
into the substrate. Implants can also be performed at lower
temperatures, and can be masked with a wider range of materials
than diffusions. Lattice damage may occur during an implant, as
well as the fact that not all of the implanted atoms may be
electrically active [1]. However, under the conditions where an
amorphous layer is not formed, temperatures as high as 1000C are
needed to anneal the crystal damage, and activate the implanted
ions. Typical anneal times are on the order of thirty minutes,
and result in virtually all of the species becoming electrically
active [2,3].
NMOS devices have gained in popularity as their threshold
voltages are typically half of that for the p—channel devices
[4]. The smaller threshold voltage is benifical for several
reasons; 1.) it allows for the use of smaller power-supply, and
hence less power, 2. ) it becomes compatible in operation with
bipolar devices, and 3.) it makes room for a higher packing
density [5].
To lower the threshold voltage, several methods can be used.
The use of the crystal orientation <100> will yield a lower Vt
up to one third of <111> orientated silicon), but it will also
cut down on the mobility of the holes. The addition of silicon
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n i t r i d e ( S i 3 N 4 ) t o t h e s i l i c o n ( S i 0 2 ) d i e l e c t r i c l a y e r w i l l
i n c r e a s e t h e d i e l e c t r i c c o n s t a n t , t h e r e b y l o w e r i n g l Y t i . ~
s i l i c o n g a t e , p o l y s i l i c o n d o p e d w i t h p h o s p h o r u s t o b e c o n d u c t i v e ,
w i l l h a v e a l o w e r w o r k f u n c t i o n d i f f e r e n c e w i t h t h e o x i d e , t h a n
t h e m e t a l ( a l u m i n u m ) , l o w e r i n g t h e t h r e s h o l d v o l t a g e . I o n
i m p l a n t a t i o n c a n a l s o b e u s e d t o f a b r i c a t e b o t h e n h a n c e m e n t a n d
d e p l e t i o n m o d e d e v i c e s o n t h e s a m e w a f e r [ 5 ] . F o r t h i s f i n a l
r e a s o n t h e e f f e c t s o f i o n i m p l a n t a t i o n w e r e c h o s e n f o r s t u d y .
T h e o n s e t o f i n v e r s i o n e x i s t s w h e n e n o u g h g a t e v o l t a g e i s
a p p l i e d t o b e n d t h e b a n d e d g e t o a p o i n t w h e r e p - t y p e ( n - t y p e )
m a t e r i a l i n b u l k b e c o m e s e q u a l l y n - t y p e ( p - t y p e ) a t t h e s u r f a c e .
T h e i n v e r s i o n l a y e r i s f o r m e d w h e n t h e g a t e v o l t a g e e x c e e d s t h e
t h r e s h o l d v o l t a g e [ 2 ] . T h e g a t e o f t h e c a p a c i t o r b e i n g t h e t o p
( a l u m i n u m ) , d e p o s i t e d a t o p a S i 0 2 d i e l e c t r i c , w i t h t h e b o t t o m
p l a t e b e i n g t h e s i l i c o n s u b s t r a t e ( d o p e d p + ) .
~ M O S d e v i c e i s c o n s i d e r e d t o b e i n t h e d e p l e t i o n m o d e i f i t
i s o n w i t h t h e g a t e v o l t a g e e q u a l t o z e r o , a n d i n t h e e n h a n c e m e n t
m o d e i f i t i s o f f w i t h a g a t e v o l t a g e e q u a l t o z e r o . N M O S
d e v i c e s a r e i d e a l l y e n h a n c e m e n t m o d e d e v i c e s , b u t n o n i d e a l i t i e s
t e n d t o s h i f t t h e t h r e s h o l d v o l t a g e t o w a r d t h e n e g a t i v e . U n t i l
a b o u t 1 9 7 7 , P M O S t e c h n o l o g y w a s d o m i n a n t d u e t o t h e f a c t t h a t
N M O S t r a n s i s t o r s w e r e t y p i c a l l y o f t h e d e p l e t i o n m o d e t y p e [ 6 ] .
F o r t h i s r e a s o n , a n e x p e r i m e n t w a s d e s i g n e d t o i n v o l v e a
p r e l i m i n a r y i n v e s t i g a t i o n i n t o t h r e s h o l d v o l t a g e a d j u s t m e n t s
p e r f o r m e d w i t h a n i o n i m p l a n t e r .
E X ~ M ~ N T
S i n c e a v a r i e t y o f t h r e s h o l d v o l t a g e s m a y b e r e q u i r e d f o r
v a r i o u s d e v i c e s , a p r o c e s s f o r w h i c h d i f f e r i n g t h r e s h o l d v o l t a g e s
c o u l d b e o b t a i n e d w a s d e s i g n e d . S e v e r a l d i f f e r e n t i m p l a n t d o s e s
( n o n e , 1 , 2 , 4 , a n d 8 e 1 2 / c m 2 ) w e r e p e r f o r m e d t o e x a m i n e t h e s h i f t
o f t h e t h r e s h o l d v o l t a g e d u e t o t h e s e d o s e s . ~ s t h e m e t a l g a t e
p r o c e s s i s n o w i n u s e a t R . I . T . , t h a t i s w h a t w a s u s e d f o r t h i s
e x p e r i m e n t .
F i r s t a m a s k o f s e v e r a l d i f f e r i n g s i z e c a p a c i t o r s w a s
d e s i g n e d o n ‘ I C E ’ , a n i n h o u s e C ~ D t o o l , a n d t h e m a s k w a s
f a b r i c a t e d t h r o u g h r e v e r s a l p r o c e s s i n g o f t h e r e t i c a l . T h e
c a p a c i t o r s i z e s r a n g e d f r o m s q u a r e s o f 1 0 x 1 0 m i c r o n s s q u a r e ,
4 0 0 x 4 0 0 m i c r o n s s q u a r e . O t h e r s h a p e s , b o t h r e c t a n g l e s a n d h a l l o w
s q u a r e s w e r e d e s i g n e d , b u t o v e r a l l d i f f e r i n g s h a p e s d i d n o t
a f f e c t t h e t h r e s h o l d v o l t a g e .
T e n p - t y p e w a f e r s o f < 1 0 0 > o r i e n t a t i o n w e r e o b t a i n e d , a n d
s c r i b e d w i t h n u m b e r s o n e t h r o u g h t e n . T h e a v e r a g e r e s i s t i v i t y o f
t h e s e w a f e r s w a s 5 . 5 0 o h m - c m . T h e w a f e r s w e r e t h e n c l e a n e d w i t h
a s t a n d a r d R C t ~ c l e a n ( f i f t e e n m i n u t e s i n N H 4 O H / H 2 0 2 / H 2 0 ( 1 : 1 : 5 ) ,
t w o m i n u t e r i n s e , t w o m i n u t e H F / H 2 0 ( 1 0 : 1 ) , t w o m i n u t e r i n s e ,
f i f t e e n m i n u t e s i n H C 1 / H 2 0 2 / H 2 0 ( 1 : 1 : 5 ) , a n d a f i n a l f i v e m i n u t e
r i n s e ) .
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b l a n k e t b o r o n i m p l a n t w a s t h e n p e r f o r m e d a t 6 O K e V f o r t h e
f o l l o w i n g :
w a f e r s 1 , 2 - - n o i m p l a n t
w a f e r s 3 , 4 - - i m p l a n t 1 e 1 2 / s q u a r e c m .
w a f e r s 5 , 6 - - i m p l a n t 2 e 1 2 / s q u a r e c m .
w a f e r s 7 , 8 - - i m p l a n t 4 e 1 2 / s q u a r e c m .
w a f e r s 9 , 1 0 - - i m p l a n t 8 e 1 2 / s q u a r e c m .
ñ f t e r t h i s a t h i n g a t e o x i d e w a s g r o w n a t 1 0 0 0 C f o r f o r t y
m i n u t e s . T h i s r e s u l t e d i n a n o x i d e t h i c k n e s s o f a p p r o x i m a t e l y
4 7 0 a n g s t r o m s , a n d w a s a l s o l o n g e n o u g h t o a n n e a l o u t d a m a g e a s
w e l l a s t o m a k e t h e b o r o n e l e c t r i c a l l y a c t i v e C 2 — 3 ] .
~ l u m i n u m w a s t h e n e v a p o r a t e d o n t h e f r o n t s i d e o f t h e w a f e r s
a n d p a t t e r n e d w i t h K T 1 8 2 0 p h o t o r e s i s t . T h e p h o t o r e s i s t h a v i n g
b e e n s p u n o n w i t h t h e w a f e r t r a c , e x p o s e d w i t h a K a s p e r a l i g n e r ,
a n d d e v e l o p e d w i t h t h e w a f e r t r a c a l s o . T h e a l u m i n u m w a s t h e
p a t t e r n e d w i t h a l u m i n u m e t c h , a n d r i n s e d . T h e n t h e p h o t o r e s i s t
w a s s t r i p p e d o f w i t h t h e p l a s m a a s h e r i n a n o x y g e n a m b i e n t .
~ l u m i n u m w a s t h e n e v a p o r a t e d o n t h e b a c k s i d e o f t h e w a f e r s t o
p r o d u c e a n e x t r e m e l y l a r g e c a p a c i t o r i n p a r a l l e l w i t h t h e m u c h
s m a l l e r f r o n t s i d e c a p a c i t o r s , t o m a k e t h e s t r a y c a p a c i t a n c e
n e g l i g i b l e . T h e o d d n u m b e r e d w a f e r s w e r e t h e n s i n t e r ’ e d i n a
f o r m i n g g a s a m b i e n t f o r t w e n t y - f i v e m i n u t e s a t 4 5 0 C . F i n a l l y ,
t h e c a p a c i t o r s w e r e t e s t e d w i t h c a p a c i t a n c e - v o l t a g e m e a s u r e m e n t s .
R E S U L T S / A N A L Y S I S
C a p a c i t a n c e - v o l t a g e g r a p h s w e r e t a k e n o f a l l t h e w a f e r s t o
d e t e r m i n e t h e a c t u a l t h r e s h o l d v o l t a g e s o f t h e i m p l a n t e d d o s e s .
T h e p l o t s w e r e t a k e n f r o m t h e 4 0 0 x 4 0 0 m i c r o n s q u a r e d c a p a c i t o r ,
a s i t g a v e t h e m o s t r e p e a t a b l e r e s u l t s . F i g u r e 1 s h o w s a p l o t o f
a c a p a c i t o r w h i c h w a s n o t a d j u s t e d b y i m p l a n t o r s i n t e r i n g a f t e r
m e t a l d e p o s i t i o n . I t s h o w s a t h r e s h o l d v o l t a g e ( m a r k e d V t ) o f
m a g n i t u d e 0 . 8 9 V .
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F i g u r e 1 : C a p a c i t a n c e v s . V o l t a g e ( n o i m p l a n t o r s i n t e r i n g )
f O o . o O j ~
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T h e p o s i t i v e a c c u m u l a t i o n v o l t a g e i m p l i e s a n n - t y p e s u b s t r a t e ,
w h i c h w a s n o t t h e a c t u a l c a s e s i n c e p - t y p e s u b s t r a t e s w e r e u s e d .
T h i s c a n b e e x p l a i n e d b y t h e f a c t t h a t t h e r a m p v o l t a g e w a s
a p p l i e d t o t h e s u b s t r a t e , a n d n o t t h e g a t e , d u r i n g t h e
c a p a c i t a n c e - v o l t a g e m e a s u r e m e n t , w h i c h w i l l i n v e r t t h e v o l t a g e .
F i g u r e 2 s h o w s a p l o t o f a c a p a c i t o r w h i c h r e c e i v e d a d o s e
o f 4 e 1 2 / s q u a r e c m . , a n d w a s n o t s i n t e r ’ e d a f t e r m e t a l d e p o s i t i o n .
I t s h o w s t h a t t h e m a g n i t u d e o f t h e t h r e s h o l d v o l t a g e h a s s h i f t e d
t o 1 . 8 5 V , h o w e v e r t h e a c c u m u l a t i o n v o l t a g e h a d t h e s a m e p r o b l e m
e n c o u n t e r e d i n F i g u r e 1 .
F i g u r e 2 : C a p a c i t a n c e v s . V o l t a g e ( 4 e 1 2 / c m 2 d o s e , n o s i n t e r )
I t i s a l s o n o t i c e d t h a t t h e v a l u e s f o r t h e m a x i m u m c a p a c i t a n c e
d e c r e a s e w i t h t h e i n c r e a s i n g d o s e , a s s y m t o t i c a l l y a p p r o a c h e s 2 5 0
p f , a n d t h e v a l u e o f t h e m i n i m u m c a p a c i t a n c e i n c r e a s e s w i t h
i n c r e a s i n g d o s e , a p p r o a c h i n g a b o u t 2 0 0 p f .
T h e s e c h a n g i n g v a l u e s o f c a p a c i t a n c e a r e d u e t o
m o b i l i t y i n t h e s u b s t r a t e , t h e f a c t t h a t t h e r e a r e
s p e c i e s i n t h e s u b s t r a t e . ~ t a h i g h e n o u g h i m p l a n t
c a p a c i t o r w o u l d b r e a k d o w n c o m p l e t e l y , a n d b e o f n o
c a p a c i t a n c e - v o l t a g e p l o t w o u l d b e c o m e a s t r a i g h t l i n e .
F i g u r e 3 s h o w s a p l o t o f t h r e s h o l d v o l t a g e m a g n i t u d e v e r s u s
i m p l a n t d o s e f o r t h e v a l u e s u s e d . I t c a n b e s e e n f r o m t h i s g r a p h
t h a t s i n t e r i n g t h e w a f e r s a f t e r m e t a l d e p o s i t i o n t o t i e u p t h e
l o o s e b o n d s b e t w e e n t h e m e t a l a n d t h e o x i d e h a d l i t t l e e f f e c t o n
t h e o v e r a l l a d j u s t m e n t . S i n t e r e d c a p a c i t o r s h a d a s l i g h t l y
h i g h e r t h r e s h o l d v o l t a g e , b u t n o t a p p r e c i a b l e .
V O L T S 2 . 0 0 0 / d i v C V )
. 0 0
t h e h i g h e r
m o r e m o b i l e
d o s e , t h e
u s e , a s t h e
2 1 3
~ 1
c ’ 6
F i g u r e 3 : T h r e s h o l d V o l t a g e M a g n i t u d e v s . I m p l a n t D o s e
C O N C L U S I O N S
I t i s n o w p o s s i b l e t o p r e d i c t t h e t h r e s h o l d v o l t a g e s h i f t
f o r v a r i o u s i m p l a n t d o s e s a t 6 O K e V . T h i s i s o f m u c h u s e a s
t h r e s h o l d v o l t a g e s w i l l b e i m p o r t a n t i n t h e u p c o m i n g C M O S a n d
N M O S p r o j e c t s . T h e o x i d e q u a l i t y , a n d p r o c e s s i n g c l e a n l i n e s s o f
t h e N M O S / C M O S p r o c e s s e s w i l l a l s o b e e v a l u a t e d t h r o u g h t h e
c o m p a r i s o n o f p a s t a n d f u t u r e r e s u l t s .
T h e l o w e s t d o s e i m p l a n t p r e f o r m e d w a s 1 e 1 2 / s q u a r e c m . T h i s
w a s d u e t o t h e f a c t t h a t t h e i m p l a n t e r b e a m c u r r e n t w a s t o h i g h
t o a c c o m p l i s h a n y l o w e r d o s e s . I t m a y b e o f u s e t o s t u d y l o w e r
i m p l a n t d o s e s , a s w e l l a s d i f f e r e n t i m p l a n t e n e r g i e s a n d t h e i r
e f f e c t o n t h e t h r e s h o l d v o l t a g e s h i f t i n g . M o r e e x p e r i m e n t a t i o n
n e e d s t o b e d o n e t o g a i n m o r e i n s i g h t i n t o t h i s p r o c e s s a t R . I . T .
A C K N O W L E D B M E N T S
R o b P e a r s o n f o r h i s h e l p i n t h e f o r m a t i o n o f t h e p r o 5 e c t ,
M i k e J a c k s o n f o r h i s s u p p o r t a n d g u i d a n c e t h r o u g h o u t t h e p r o c e s s ,
F r a n k t h e i m p l a n t g u y , a n d M i c h e l l e M y e r f o r h e r s u p p o r t , a n d a
s h o u l d e r t o l e a n o n .
R E F E R E N C E S
E l ] S . W o l f a n d R . N . T a u i D e r , i n “ S I L I C O N P R O C E S S I N G F O R T H E
V L S I E R A ” , ( L a t t i c e P r e s s , C a l i f o r n i a , 1 9 8 6 ) , p p . 2 2 5 - 2 2 6 ,
3 0 5 , 3 2 5
£ 2 ] W . T i l l a n d J . L u x o n , i n “ I N T E G R A T E D C I R C U I T S : M A T E R I A L S ,
D E V I C E S , A N D F A B R I C A T I O N ” , ( P r e n t i c e — H a l l , I n c . , N e w J e r s e y ,
1 9 8 2 ) , P p . 8 0 , 1 9 6
£ 3 ] J . M a y e r a n d L . E r i k s s o n , i n “ I O N I M P L A N T A T I O N I N
S E M I C O N D U C T O R S S I L I C O N A N D G E R M A N I U M ” , ( A c a d e m i c P r e s s ,
N e w Y o r k , 1 9 7 0 ) , p . 2 3 2
£ 4 ) A . M u k h e r j e c , i n “ I N T R O D U C T i O N T O N M O S A N D C M O S V L S I
S Y S T E M S D E S I G N ” , ( P r c f l t i c e - H a h i , N e w J e r s e y , 1 9 8 6 ) , p . 1 5
£ 5 ] J . M i l l m a n , i n “ M I C R O E L E C T R O N I C S ” , ( M c G r a w - H i l l , I n c . ,
N e w Y o r k , 1 9 7 9 ) , p p . 1 1 3 - i l 4 , 2 4 4 - 2 5 2
£ 6 ] R . P i e r r e t , i n “ M O D U L A R S E R I E S O N S O L I D S T A T E D E V I C E S :
F I E L D ~ ~ C T D E V I C E S ; V O L . I V ” , ( A d d i s o n - W e s l e y P u b l i s h i n g
C o . , C a l i f o r n i a , 1 9 8 3 ) , p p . 4 3 - S B , 9 5 - 9 8
~ c 5 . a ( ) ~
2 1 4
